Progress in numerical models of the Loop Current, rings, and related circulation during the past three decades is critically reviewed with emphasis on physical phenomena and processes.
.
BACKGROUND: OBSERVATIONS
The science and art of modeling is deeply rooted in our desire to better describe and understand the world around us: it is imperative that we have some rudimentary knowledge of the system to be modeled. We begin therefore with a summary of observations of the most energetic components of the circulation in the Gulf of Mexico: the Loop Current and Loop Current rings (or eddies; Plate ). These powerful oceanic features affect, either directly or indirectly through their smaller-scale subsidiaries, just about every aspect of oceanography of the Gulf. One could state that "a necessary condition for a basic model of the Gulf is that it replicates as accurately as possible the observable features of the Loop Current and rings."
The Gulf of Mexico is a semi-enclosed sea that connects in the east to the Atlantic Ocean through the Straits of Florida, and in the south to the Caribbean Sea through the Yucatan Channel (Figure ) . When discussing circulation features and model resolutions, we often find it useful to have some idea of the first-mode (baroclinic) Rossby radius, R o . Calculation based on the GDEM climatology [Teague et al., 990] gives R o ≈ 30 km in the Gulf and the Cayman Sea (i.e. northwest Caribbean), R o ≈ 40~50 km in the central and eastern Caribbean Sea, and R o ≈ 0~20 km over the slope (c.f. Chelton et al. 998 ). Though our focus will be on the Gulf, recent studies have indicated that the Gulf and the Caribbean Sea are dynamically inter-dependent; therefore certain aspects of the circulation in the Caribbean Sea will also be discussed. Currents through the Caribbean Sea, the Gulf of Mexico and the Florida Straits constitute an important component of the subtropical gyre circulation of the North Atlantic Ocean. This fact is vividly presented in Fratantoni's [200] decadal, quasi-Eulerian mean drifter analysis. The author's Plate 6, for example, shows intense speeds in the Caribbean Current (> 0.5 m s -) in the southern portion of the Caribbean Sea, the Loop Current and Florida Current (both > m s -).
The Loop Current is the dominant feature of the circulation in the eastern Gulf of Mexico and the formation region of the Florida Current-Gulf Stream system. It originates at the Yucatan Channel (where it is called the Yucatan Current) through which approximately 23~27 Sv ( Sv = 0 6 m 3 s -) transport passes with a large min-max range of 4~36 Sv [Johns et al. 2002; Sheinbaum et al., 2002; Candela et al., 2003] . The Yucatan/Loop Current is a western boundary current with peak speeds of .5 to .8 m s -on the western side of the channel near the surface (Pillsbury, [887] based on direct current measurements, plotted in Figure 5 of Gordon [967] ; Nowlin [972] based on GEK; Schlitz [973] and Carder et al. [977] based on hydrography; and Ochoa et al. [200] and Sheinbaum et al. [2002] based on ADCPs and hydrography). In the Loop (inside the Gulf) intense speeds reach .7 m s -in in situ measurements [Forristal et al., 992] . The Loop Current also displays a wide range of vacillations, both in north-south and east-west directions. The Loop episodically sheds warm-core rings [e.g., Cochrane, 972; Vukovich, 995] at intervals of approximately 3 to 7 Plate 1. AVHRR (Advanced Very High Resolution Radiometry; http://fermi.jhuapl. edu/avhrr/gm/averages/index.html) seven-day composite sea-surface temperature (SST) for day ending on Feb/05/998, showing the Loop Current in an extended position into the Gulf, and an old ring further west. Note the appearance of a series of frontal eddies along the outer edges of the Loop Current and the old ring, a cyclone over the east Campeche Bank slope just north of the Yucatan Channel (at ≈ 22.5 o N, 87 o W this cyclone was analyzed in detail by Zavala-Hidalgo et al. 2003) , and a Tortugas eddy (cyclone) at ≈ 24 o N, 84-85 o W. Approximately two months later the Campeche Bank and Tortugas cyclones appeared to cleave the Loop and a ring was shed. Note also cooler shelf waters and even smaller-scale eddies along the shelf-edge.
months Leben, this volume] . These rings have diameters ≈ 200~300 km, vertical extent ≈ 000 m, swirl speeds ≈ .8~2 m s -; they generally translate westward at 2~5 km day -and have lifetimes of months to approximately a year [Nowlin, 972; Elliott, 982; Vukovich and Crissman, 986; Cooper et al. 990; Forristal et al., 992] . Websites A.3 and A.4 in Appendix provide historical and real-time satellite-derived sea-surface height (SSH and other information; please see also the accompanying CD of this book); the reader may consult them for an appreciation of the rich variability of the eddy fields, both inside the Gulf (website A.4) and also in the Caribbean Sea and the Atlantic Ocean (website A.3).
Satellite SSH maps generally resolve scales ≈ 00 km and larger (though along-track resolution is good at a particular instant, and a composite of several altimeter maps can generally improve resolution [Ducet et al., 2000] ). Smaller-scale frontal eddies (or meanders), filamentary structures, and cyclones are often observed around the edges of the Loop Current and rings [Leipper, 970; Maul, 977; Vukovich et al., 979; Huh et al., 98; Merrell and Morrison, 98; Brooks and Legeckis, 982; Paluszkiewicz et al., 983; Vukovich and Maul, 985; Vukovich, 986; Hamilton, 992; Fratantoni et al., 998; Hamilton et al., 2003; Zavala-Hidalgo et al., 2003a) , as may be seen in satellite AVHRR (Advanced Very High Resolution Radiometry) sea-surface temperature (SST) The isobaths shown are in meters. This is also the region used by the Princeton models reviewed in the text (e.g. Oey and Lee, 2002) .
Leben (this volume) documented two more recent eddies-eddy Juggernaut (October 999) and Millenium (April 200) that have longer shedding period » 8.5 months. 2 Appendix contains many useful web-sites, and appendix 2 collects many commonly-used acronyms.
maps (e.g., website A.; a good one is the seven-day composite on 5 February 998, shown in Plate ). These fine-scale features can dominate local circulation, especially in regions removed from direct impacts of the Loop Current and rings (e.g., over the northeastern slope of the Gulf; Hamilton et al. [2000] ). Frontal eddies sometimes also appear to originate west of the Loop, propagating clockwise around its northern and eastern edges, and to develop into deeply-penetrating cyclones somewhere along the west Florida continental slope [Vukovich and Maul, 985] . SST frontal analysis [e.g., Vukovich et al., 979] indicates amplification time scales of only a few days, as well as backward-wave breaking features. The scales are 50~50 km in diameters and ~ 000 m deep. In the southern Straits of Florida, the cyclones are called Tortugas eddies. Zavala-Hidalgo et al. [2003a] documented cyclones that developed northeast of the Campeche Bank (23.5 o N, 86.5 o W). Both the Tortugas eddies and Campeche Bank cyclones appear to be intimately related to the shedding of Loop Current rings [Cochrane, 972; Fratantoni et al., 998 , who also present an excellent review; Zavala-Hidalgo et al., 2003a; Schmitz, this volume Figure ) surrounded by continental rise, slope and shelves. The Loop Current and rings therefore readily interact with topography; a ring can split and a new ring can interact with an old one. Molinari and Morrison [988] analyzed data that show effects of the Campeche Bank on Yucatan Current separation and Loop Current penetration. The development of Tortugas eddies is in part a result of the Loop Current being constrained by the west Florida slope [Fratantoni et al., 998] . Huh et al. [98] give early examples of Loop Current intrusion into the DeSoto Canyon and Alabama/ Mississippi shelves; more recent work is Hamilton et al. [2000] . Weisberg and He [2003] and Fan et al. [2004] found evidence of west Florida shelf currents being forced by Loop Current "rubbing" against the slope of the south Florida Straits. In the western Gulf, Vidal et al. [992] describes the collision of a ring with the western slope, during which the ring is split into an anticyclone to the north and a (smaller) cyclone to the south. Biggs et al. [996] observed an example of Loop Current ring cleaved by a cyclone. Hamilton et al. [2002] found eddies (of both signs) with diameters 40~50 km over the central Gulf slope. High-resolution AXBT and AXCP also allowed these authors to examine in detail the vertical structures, which showed uplifted (50~00 m) isotherms in the deep (~ 000 m) in the center of the cyclones capped by slight depressions in the upper 200 m, and subsurface maximum velocities with speeds ≈ 0.4 m s -. These Loop Current/eddy interactions with topography strongly affect how energy of the currents is distributed in the water column, and how deep energy propagates along and across isobaths in the form of topographic Rossby waves [Hamilton, 990; 200] .
In summary, the broad range of spatial and temporal scales of the circulation in the Gulf of Mexico presents an enormous challenge for modelers. In the past two to three decades, we have witnessed the development of more and more powerful computers and sophisticated ocean models and analysis techniques. Fueled by these advances and by equally impressive progress on observational data acquisition (from satellite, ADCP, sub-surface floats, surface drifters, etc.; for examples, please see the chapters in this book), the amount of modeling work, presented in papers, reports, and websites, is staggering. It is clearly not possible to review all here. We will restrict our review primarily to models of the Loop Current and rings, which means a model domain that encompasses at least the whole Gulf (with one or two exceptions). In terms of the physical processes we will limit ourselves to subinertial time scales of days and longer (thus excluding tides, internal tides, wind and hurricane-induced high-frequency motions, etc., again with a few exceptions). Perhaps a most glaring omission is near-inertial motions for which the Gulf is well known. These anticyclonic circular motions near the ocean's surface are prevalent over the shelf and shelfbreak and may be forced by near-diurnal variation of the wind (Chen et al. 996; DiMarco et al. 2000; Simpson et al. 2002) . 3 Discussions of hurricane-induced near-inertial motions (over deep waters) are given by Shay et al. (998) , who also observed significant (short-term) storm effects on an underlying Loop Current eddy. At the subinertial time scales, notably absent from our review is work that describes the (sub-tidal) wind-, buoyancy-(river) and eddy-driven circulation of the continental shelves around the Gulf. Shelf circulation deserves an entire chapter to itself; the following briefly summarizes some of the more recent papers. Boicourt et al. [998] gave a comprehensive review of the shelf circulation in the Gulf. Oey [995] modeled the wind-and eddy-forced shelf circulation over the LouisianaTexas (LATEX) shelf, and found evidence for eddy-induced shelf edge currents. Hetland et al. [999] suggested that the impact of Loop Current could spread along the shelf edge, thereby inducing a southward jet along the edge of the west Florida shelf. Weisberg's group at USF has described both observations and models of the west Florida shelf [Weisberg and He, 2003; Weisberg et al., this volume] . Muller-Karger [2000] found satellite evidence of northeast Gulf of Mexico (NEGOM) shelf currents driven by both wind and a neighboring Loop Current ring. Ohlmann et al. [200] used drifters, and pointed out the importance of eddies in forcing the mean flow and in effecting cross-shelf exchanges of water masses. The Texas A&M group has recently published a number of important papers on the circulation of the LATEX shelf [Li et al., 997; Cho et al., 998; Nowlin et al., this volume] . Zavala-Hidalgo et al. [2003b] modeled the western Gulf shelves (west of 89 o W: LATEX and Mexican shelves) as a contiguous system, carefully computed the shelf transports, found regions of water confluence, and were able to explain transport interrelationship between the different shelves (also Morey et al., this volume [Bretherton et al., 992] to study influences on outer-shelf and canyon currents by Loop Current frontal eddies that traveled around the Loop Current. Smith and Jacobs [2005] combined current meter, ADCP, and drifter data in a weighted least square assimilation algorithm to infer the seasonal circulation on both the LATEX and NEGOM shelves.
There are a number of comprehensive reviews of numerical ocean models [Greatbatch and Mellor, 999; Griffies et al., 2000] . Our focus on a specific region (the Gulf of Mexico) allows an approach that targets physical phenomena and processes. We hope that this review will therefore also be useful to observationalists.
LOOP CURRENT, EDDY SHEDDING, EDDIES & RELATED CURRENTS
The first compilation of research work in the Gulf is a book edited by Capurro and J.L. Reid [972] . Amongst many fine papers (e.g., Nowlin's descriptions of the Gulf's water masses, Cochrane's observations of the Loop Current being cleaved by a cyclone, R.O. Reid's elegant formula of the Loop Current's extension, and Ichiye's laboratory model of the Gulf and the Caribbean), two papers (by Paskausky and Reid, and Wert and Reid) described numerical simulations of the Loop Current and eddy-shedding process. The authors utilized barotropic and quasi-geostrophic 2-layer models; they were ahead of their time, considering the scarcity of observations and computing resources. Although Loop Current-like features and eddies were simulated, the experiments were necessarily limited in scope in terms of the parameter space and length of integration they covered. It was not until nearly a decade later that Hurlburt and Thompson [980] (henceforth HT) developed and extensively tested the first prototype model of the Loop Current and eddy shedding. HT's work is an important yardstick against which many later model experiments and analyses, even those of today, should be measured.
Hurlburt and Thompson's Model
HT experimented with -layer barotropic, .5-layer reduced-gravity (RG), and 2-layer models of an idealized rectangular Gulf of Mexico basin with inflow (Yucatan Channel; = 20~30 Sv in most experiments) and outflow (Florida Straits) ports. The models are based on the nonlinear primitive equations and resolution is 20 km × 8.75 km. The authors emphasized the importance of integrating the models to a statistical equilibrium so that many eddy-shedding cycles are covered. They introduced the idea of designing first as realistic an experiment as possible (in their case the 2-layer model with topography), then working down to look for the simplest model which could reproduce (essentially) the same results. Both the 2-layer and the.5 layer model with a steady inflow (and other "reasonable" parameters) produced eddies with diameters 200~400 km and shedding periods 250~360 days, while using the same parameters the barotropic flat-bottom case evolved into a steady state. The following summarizes HT's findings:
. Table   2 ). In this case, the tendency for the Loop to spread or bend westward, due to −βv, is balanced by northward advection of the relative vorticity, ≈ v∂ς /∂y, and streamlines tend to curve eastward. 6 Since in reality (and in all general circulation models or GCMs since HT!) β and L p are fixed so that R B ∝ v in , does this mean that (in GCMs and/or the real ocean) a port-to-port mode can occur if surface inflow from the Caribbean increases or if deep inflow increases (HT's finding 0 above), or both? We will see that some GCM runs display this port-to-port mode.
Pichevin and Nof's Analysis. The .5-layer model is in general still a very complicated system to solve analytically, but it is much more manageable than the multi-layer or threedimensional GCMs. HT's finding is therefore significant in that an analytical treatment of the .5 layer model may provide valuable insights into the dynamics of Loop Current and eddy-shedding. The paper by Pichevin and Nof [997] (henceforth PN; please see also Nof and Pichevin [200] and Nof et al. [2004] ) is an important contribution in this regard. PN analyze the consequences of a northward narrow outflow (i.e., width ~ Rossby radius or less situated next to a southern boundary) debouching into an open ocean. By integrating the x-momentum equation over a rectangular domain just outside the outflow, they show that the integrated momentum exerted on the domain by water exiting the rectangle on the right cannot be balanced in a steady state. This "momentum imbalance paradox," as the authors called it, is resolved if either (timedependent) eddies are allowed to shed to the left (β ≠ 0) or the outflow grows forever (f-plane; PN's Figure 6 ). The β-effect is again a "must" for eddy-shedding. Thus shedding (or growing bulge) in PN is a necessary consequence of the flow's inability to keep the longshore momentum in a steady-state balance. It is important, however, to remember the "narrow outflow" condition implicit in the PN analysis, in which the line integral across the outflow, , is zero, since u = 0 there (h is the upper-layer depth in their .5-layer model). Note that this result does not contradict HT's finding 2. On the other hand, HT's outflow does not grow indefinitely when f = constant (finding 5; HT's Figure 6 ). This apparent (but fundamental) discrepancy is puzzling; it may be due to the additional constraint that exists in HT's model: that the port at Florida fixes the magnitude and location of the outflow, i.e., due to the existence of the additional length scale L p in HT.
In summary, HT's .5-layer model may be simple, yet it captures remarkably well the gross characteristics of Loop Current variability: its extension (growth), shedding of an eddy, and retraction. With reasonable model parameters, the periods are also about right, approximately 2 months. The model also helped to clarify the longstanding misconception that the Loop Current sheds eddies in response to quasiannual variation in inflow through the Yucatan Channel. On the other hand, the real ocean works in a curiously complex manner: the observed shedding periods cover a wide range (approximately 3 to 8.5 months); the Loop Current can extend and retract (scales ~ months and O (00 km)) without necessarily shedding an eddy; an eddy can temporarily detach then reattach to the Loop Current (time scales ~ weeks); frontal meanders, eddies and cyclones can develop and can influence eddy shedding; Yucatan shelf/slope, deeplayer and Caribbean influences may be significant, etc. Later models are developed to capture some of these complications.
Since HT's work, .5-layer and 2-layer models have been used by a number of authors. Hurlburt and Thompson [982] extended their own work to show that Loop Current and eddies force deep modon (anticyclone-cyclone pair with anticyclone leading). The modon in turn can affect the behaviors of the surface eddies. Heburn et al. [982] studied the instability of the Caribbean Current. Smith and O'Brien [983] examined eddy interactions with topography. Wallcraft [986] (please see brief descriptions in Lewis and Kirwan [987] ) extended HT's calculations to high resolutions to simulate small-scale eddies in the Gulf. Arango and Reid [99] used a generalized .5-layer model in isopycnal coordinates to study the shedding process and cyclonic eddies. 9
General Circulation Models with More Realistic Gulf of Mexico Topography
With the advent of vector-processing machines in the 980s and early 990s (CDC Cyber 205, Cray XMP, YMP, C90, etc.), and now of powerful workstations and parallel computers, long-term integrations (to ensure statistical equilibrium) using multi-level and multi-layer primitive equations have become routine.
Loop Current and Eddies in the Early
GCMs. The first successful GCM computation of the Loop Current and rings was by Sturges et al. [993] , who used MOM [Bryan, 963; Bryan and Cox, 967; Cox, 985; Semtner and Chervin, 992 ] at a one-fourth degree horizontal resolution and 2 vertical z-levels to examine the characteristics of eddy-shedding. A significant departure from HT is that the model domain (8 o -36 o N, 97 o -49 o W) includes the Caribbean Sea as well as a portion of the Atlantic Ocean, so that flows in and out of the Gulf through the Yucatan Channel and the Straits of Florida are "free" (i.e., the flow fields there are a solution of the model). The northern boundary (36 o N) is a wall, but the eastern boundary (55 o -49 o W) is a buffer zone ("pumps and baffles") through which climatological data (including the wind curl-driven integrated transport from east of 49 o W) are specified. The modeled flow therefore recirculates. Steady winds were also specified over the modeled domain. These specifications result in 9 Sv transport into the Gulf through the Yucatan Channel. The horizontal viscosity is 500 m 2 s -, diffusivity is 300 m 2 s -, and vertical mixing is 0 -4 m 2 s -1 . The model was spun up for over 0 years to statistical equilibrium. The model sheds eddies regularly at a period of about 80 days. This is within the observed range, is consistent with HT's finding 7, and suggests a tendency for energy loss to lower layers in a multilevel model. The interesting result (Sturges et al.'s [993] Figure 7 ) is that while an eddy is separating, the modeled Loop Current shows recirculating flow inside and even return flow (into the Caribbean) on the Cuban side of the Yucatan Channel (albeit much weaker than the northward jet on the Mexican side). Sturges et al. noted that observations [Nowlin, 972; Molinari, 977; Lewis and Kirwan, 987] show similar recirculation in the Loop Current. The ring's diameter is about 250 km. The ring translates westward at about 4 km day -almost on a straight path, and decays at the northwest corner of the Gulf. Peak speeds of about 0.6 m s -at 30 m occur in the Loop Current; these speeds decay rapidly in the ring as it moves westward, and drop below 0.2 m s -at about 92 o W in the central Gulf. Sturges et al. also described deep eddies, anticyclone (leading) and cyclone pair that follows the surface ring, very similar to the modon found by Hurlburt and Thompson [982] . These deep eddies are clearly forced by the ring and show remarkably regular periodicity (generation, propagation and decay) phased-locked with the surface ring. One gets the impression that, at one-fourth degree resolution and 2 z-levels, the solution may be too viscous and/or diffusive. Dietrich and Lin [994] used a much reduced eddy viscosity A ≈ 1 ~ 10 m 2 s -1 in their Sandia Ocean Modeling System (SOMS), a rigid-lid z-level primitive-equation model on Arakawa C-grid, but with a fourth-order treatment of the Coriolis term [Dietrich, 993] . The vertical mixing is 0 -4 m 2 s -, the same as that used by Sturges et al. [993] . The horizontal resolution is 20 km and there are 6 z-levels. The model includes the northwestern portion of the Caribbean Sea (i.e., the Cayman Sea) and thus flow through the Yucatan Channel is also "free." An inflow transport of 30 Sv is specified across the southeastern open boundary of the model domain in the Caribbean Sea. An outflow is specified at the Straits of Florida. Integration was carried out for four years and results from years 2-4 were shown. The modeled eddies are about 250 km in diameter, propagate westward at about 3.5 km day -and have peak swirl speeds at the first model level (z = −22 m) of 0.6~0.7 m s -. The model appears to be less diffusive than Sturges et al.'s model, but this is difficult to judge from the few snapshots that show similar rapid eddy decays west of about 92 o W. The plots also show a shedding period of about 80 days. When comparing with Sturges et al.'s [993] results, the period appears to be remarkably insensitive to orders-of-magnitude change in eddy viscosity, contrary to HT's prediction (their finding 9). This may imply the dominance of the baroclinic transfer of energy to the deep, though the short spin-up time in Dietrich and Lin's model may also be a factor. Dietrich et al. [997] subsequently improved the grid resolution to one-twelfth degree and 20 z-levels using the Arakawa A-grid DieCast model. Although the simulation is still too short (≈ 4 years), the modeled eddies appear to be less dispersive as they traverse westward. The higher resolution also appears to better resolve smaller-scale frontal eddy features at the edges of the Loop Current and rings.
Oey 's [996] terrain-following ocean model (POM) of the Loop Current, rings and their influences on the wind and (river-borne) buoyancy-driven LATEX shelf circulation [Oey, 995] has a horizontal resolution of 20 km×20 km and twenty equally-spaced sigma levels cells in the vertical. 10 The model domain includes a portion of the northwestern Caribbean Sea (the Cayman Sea, as in Dietrich and Lin, [994] ) and also the Straits of Florida, so that both inflow (Yucatan Channel) and outflow (Straits of Florida) are "free." An inflow transport of 30 Sv is specified across the southeastern open boundary of the model domain in the Caribbean Sea. Outflow at the northeastern boundary off Florida consists of a combination of transport and radiation conditions [Oey and Chen, 992] . The model uses Smagorinsky's [963] shear-dependent formula for the horizontal viscosity and diffusivity, with the constant C smag . The Mellor and Yamada [982] level-2.5 turbulence scheme is used for the vertical eddy viscosity and diffusivity. Six runs (each ≈ 0 years or more) were conducted. Four had C smag varied: 0.03, 0.05, 0.075 and 0.0, and two tested the sensitivity of the inflow specifications (not sensitive). These experiments were found to yield irregular eddy shedding, with typical periods 5~5 months (e.g., Oey's [996] Figure 6 ). These (periods) should be compared with the 0~4 months obtained from HT's experiment RG8 (HT's Table 2 ; finding 9) at reduced viscosity (A = 300 m 2 s -), as well as with observed periods 3~7 months [Elliot, 982; Sturges, 993; Sturges and Leben, 2000] . The Smagorinsky's formulation typically yielded A ≈ 50~400 m 2 s -. Since the specified inflow was steady, Oey [996] suggested that the shedding irregularity might be due to the generally reduced, and time-and spatiallydependent values of A. Other characteristics of Oey's [996] modeled eddies, such as: diameters ≈ 200~400 km, westwardpropagation speeds ≈ 3~5 km day -1 , and peak speeds ≈ 0.6~0.7 m s -, are similar to those of Sturges et al. [993] and Dietrich and Lin [994] . Oey [996] Maul et al. [985] observed similar southward (deep) events and the apparent relation of these events to eddy shedding. More recent data and analyses [Bunge et al. 2002; Ezer et al., 2003 ] support Maul et al.'s and Oey's [996] findings. Second, Oey noted that these transport fluctuations occurred at shorter periods (weeks ~ months) than eddy-shedding, i.e., not every Loop Current extension (and deep southward flow) resulted in shedding. That the Loop Current has shorter-period fluctuations unrelated to shedding is in contrast to the behaviors of reduced-gravity models, for which a Loop Current extension generally results in shedding (HT and PN). Third, unlike the Yucatan Channel deep transport, fluctuations in the Straits of Florida show no clear correlation with eddy shedding. Instead, Straits of Florida transports are of even shorter periods (weeks) and energetic near the bottom also. Fourth, flow fluctuations in the western Gulf were found to be correlated with Loop Current variability including eddy-shedding. In particular, for disturbances in the 30~00 days' periods, current fluctuations were bottom-intensified (Oey's [996] Figure 20 ) and the east-to-west propagation speeds were found to be ≈ 2~3 km day -. [996] represent early expansions of HT's work to multi-level with realistic Gulf topography. These multilevel models have a lot in common (all based on the primitive equations, with inflow/outflow and climatological T/S fields, viscosity, etc.), which may explain why the gross behaviors of the modeled Loop Current and eddy-shedding, in terms of the spatial and temporal scales, eddy sizes and propagation paths and speeds, etc. are very similar. With the exception, perhaps, of Dietrich et al.'s [997] higher-resolution model showing maximum speeds ≈ 2 m s -, all other models' speeds are too weak by as much as 00% or more in comparison to observations. But they all managed to shed eddies. This may sound trivial until one is reminded of how complex the real-ocean shedding behaviors are, and how incompletely we still actually understand the models' behaviors. It is fitting to close this section on "early GCM's" to mention two recent simulations that do not shed eddies. In a well-designed model of the North Atlantic Ocean (the POP model at 0. o ×0. o resolution and 40 vertical levels), including the Gulf of Mexico and the Caribbean Sea, Smith et al. [2000] found sporadic eddy shedding (roughly once a year) for the first 9 years of integration, as in previous models. For the subsequent 7 years, however, a stationary (nonshedding) Loop Current developed (Smith et al. referred to a similar stationary loop occurring in some of the Community Modeling Effort experiments, [Bryan et al., 995] ). To quote the authors: "The northward flow through Yucatan Strait became shallower and weaker (transport ~ 7 Sv) and the southward recirculation on the eastern side of the strait was enhanced…the vertical shear in the central channel was greatly reduced." The authors attributed the nonshedding behavior to the "decreased vertical shear" consistent with HT's and Oey 's [996] findings. 13 The implication of an active lower layer invalidates the .5-layer model, while enhancement of the southward recirculation on the Cuban side of the channel (c.f. the first of four Oey's [996] results, described above) may result in nonnegligible cross-channel flows; either or both of these may be sufficient to resolve PN's "momentum imbalance paradox," making it possible for a nonshedding solution to exist. A similar nonshedding scenario occurs also for the OPA model as reported in Candela et al. [2003] . The ATL6 version of this model encompasses the Atlantic Ocean at one-sixth degree by onesixth degree resolution and 43 vertical levels. To quote the authors, "ATL6 developed a problem in the Gulf of Mexico after the sixth year of simulation (in 984) that consisted in a blocking of the Loop Current (i.e., it stopped shedding eddies)….an anticyclonic eddy stationed itself to the north of the Yucatan Channel and remained there for the rest of the simulation until the end of 993. gave no further details. The nonshedding solution is intriguing: its resolution may go a long way in our understanding of the complex behaviors of the GCMs. [2005] . These later models generally have better resolutions (with one or two exceptions). Apart from Morey et al. [2003] and Zavala-Hidalgo et al. [2003b] , who used a domain similar to Dietrich and Lin's [994] and hence specify essentially the total Yucatan transport (see below), others' domains include the entire Caribbean Sea. Mooers and Maul' s POM (at 20 km resolution and 5 vertical sigma levels; C smag = 0.05) domain is similar to that of Sturges et al. [993] , including also the Caribbean Sea. Though the integration was short (500 days during which 3 eddies were shed), the work suggested a need to treat Caribbean and Loop Currents as an integrated, interconnected system.
More Recent GCM Results

Gulf of Mexico & Caribbean Sea Connection.
The Gulf-Caribbean connectivity is explored in Murphy et al. [999] , who experimented with a 5.5-layer reduced gravity as well as a 6-layer global model with realistic bottom topography, both at one-fourth degree resolution; the horizontal viscosity is 300-500 m 2 s -. The authors found that fragments of the North Brazil Current rings leak in through the Lesser Antilles as potential vorticity perturbations that excite mesoscale eddies in the Caribbean Sea. These eddies amplify and traverse westward, and some manage to squeeze through the Yucatan Channel and affect the timing of Loop Current eddy shedding. The amplification of perturbations and eddyformation in the eastern Caribbean seem to be supported by recent drifter analysis by Richardson [2005] , but Simmons and Nof [2002] caution that the one-fouth degree resolution may be too coarse to portray the relevant dynamics correctly. There is not (yet?) direct observational evidence of Caribbean eddies squeezing through the Yucatan Channel (though the Canek moorings across the channel suggest such a possibility; Abascal et al. [2003] ), but Murphy et al.'s numerical finding is interesting and potentially significant. Oey et al. [2003] expanded upon Murphy et al.'s ideas, but instead of looking at the progression of individual eddies, they asked if forcing by winds (six-hourly ECMWF was used) and/or by Caribbean eddies (satellite SSH anomaly was used) would affect the statistics of ring-shedding, the periods in particular. Four 6-year experiments and one 32-year experiment were conducted using Oey and Lee's [2002] model (POM) in the domain shown in Figure . The horizontal grid spacing, ∆, is variable, ∆ ≈ 25 km in the eastern Caribbean and decreasing to ∆ ≈ 10 km in northwest Caribbean, Yucatan Channel and over the Loop Current (≈ 5 km in the northern Gulf), and C smag = 0.. There are 25 sigma levels in the vertical, and steady transports (according to Schmitz [996] ) are specified at the model's open boundary at 55 o W where climatological T/S are also specified. By systematically experimenting with different forcing, found a dominant shedding period of 9~0 months when there is no wind. 4 Remote winds over the Atlantic force short-period transport fluctuations in the Yucatan Channel, and the shedding periods then tend to be short (shortest = 3 months). On the other hand, Caribbean eddies (mostly anticyclones in the model) tend to lengthen the shedding periods (longest = 6 months). Oey et al. [2003] used the conservation of potential vorticity argument [Reid, 972 ; HT] to explain the period-lengthening when Caribbean anticyclones are present: influx of anticyclones into the Gulf would tend to confine the Loop Current close to Yucatan/Florida (i.e., HT's port-to-port mode); shedding is then less likely. Sturges et al.'s [993] model with better resolution (one-eighth degree horizontal grid spacing and 5 vertical levels), smaller eddy viscosity and diffusivity (both = 75 m 2 s -1 ) and stronger transport (28 Sv). The Loop Current rings' characteristics are similar to those found previously. However, the better resolution appears to increase the maximum speeds: approximately .3 m s -in the Loop Current and m s -in the rings. The authors reported that speeds close to .75 m s -were obtained at even higher resolution. Thirteen rings were tracked for the 8 year simulation (after a 2-year spin-up), giving an averaged shedding period ≈ 7.5 months, slightly longer than Sturges et al.' [Hamilton, 990; 200] . Oey and Lee [2002] examined details of deep energy generated by Loop Current variability and rings in the model described above in conjunction with Oey et al.'s [2003] Lee and Mellor [2003] using also POM but forced by the NCEP-Eta wind. These latter authors also confirm the cyclonic deep circulation. Of interest is that their Figure 4b appears to show two cyclonic gyres (at z = −500 m): one in the eastern Gulf (approximately east of 89 o W, where there is a constriction in isobaths > 3000 m) and the other one in the central and western Gulf.
Deep Processes: Modons, TRW's and Mean Cyclonic Gyre(s). Welsh and Inoue [2000] improved upon
The existence of a deep mean cyclonic gyre (or gyres) found in numerical models has recently been confirmed for subsurface levels deeper than about 000 m by DeHaan and Sturges [2005] based on a careful analysis of historical hydrographic and current-meter data. The authors suggest topographic wave rectification and deep dense inflow from the Caribbean as possible mechanisms. Mizuta and Hogg [2004] show that bottom friction causes the divergence of the vertically integrated Reynolds stress (produced by on-slope propagating TRWs), which in turn induces a mean along-slope flow in the "cyclonic" sense (i.e., shallower water on the right-looking down-current). The bottom boundary layer plays a crucial role as Ekman pumping serves to link the mean current with the Reynolds stresses of the wave field. If we take the typical TRW characteristics in the Gulf, and the bottom slope [e.g., Oey and Lee, 2002] Lee and Mellor's [2003] work, and support their findings by noting that the mean currents computed from PALACE floats at z = −900 m are also generally cyclonic. The PALACE mean currents show a more erratic picture but one can generally discern westward flow in the north central Gulf, southward mean in the west/northwest, a cyclonic gyre in the southwestern Gulf (i.e., the Campeche Bay), and broad eastward flow off the northern Campeche shelf at 90 o W, from 23 o N~26 o N, and westward flow further north around 27 o N; the flows are more clearly defined in the west and southwest, but contain smaller-scale features in the central Gulf. (Note that inadequate data prevented DeHaan and Sturges from estimating flows off the northern Campeche shelf). Vazquez de la Cerda et al.'s (this volume) analyses of hydrographic, drifter, floats and satellite data lend further supports that the mean circulation in the Campeche Bay is cyclonic. In light of these observational analyses, future work should extend Oey and Lee's [2002] and Lee and Mellor's [2003] calculations with runs using different forcing, grid-resolution and eddy viscosities, and analyzing dynamics and comparing the results with observations. It is likely that deep flows in the Gulf are TRW and eddy-driven: reminiscence of currents with banded structures seen in idealized studies of geostrophic eddies and turbulence [e.g. , Vallis and Maltrud, 993] .
Loop Current and Yucatan Channel Flow Variability.
The potential importance of flow variability through the Yucatan Channel to Loop Current and shedding dynamics was previously mentioned in connection with Maul et al. Figure 2 shows the mean ( Figure  2a ) and standard deviation (Figure 2b ) of the along-channel velocity obtained from the Canek observations. The mean is surface intensified near the west (maximum ≈ .3 m s -). Significant inflow (into the Gulf) extends to z ≈ -750 m and occupies nearly the whole width of the channel except for a narrow outflow (i.e. into the Caribbean Sea; v ≈ −0. m s -1 ) near the surface on the Cuban side of the channel. The deep flow (below z ≈ −750 m) is generally weak, and is directed into the Gulf in the middle, sandwiched between cores of outflows on both sides of the channel. Figure 2b shows that the flow displays considerable variability with a standard deviation ≈ 0.5 m s -in the main surface core in the west. The standard deviation is as large as (or even larger than) the mean near the surface on the Cuban side and also in the deep. There are also non-negligible cross-channel flows (not shown). Abascal et al. Oey and Lee [2002] , described previously, but in addition the model was forced with six-hourly ECMWF wind and monthly climatological surface heat/salt fluxes. The modeled mean and standard deviation are compared with Canek observations in Figure 2 (titled POM), and also in Table . The mean shows a strong inflow (maximum v ≈ .5 m s -) near the surface in the main western core and deep outflow cores on both sides of the channel (v ≈ −0.05 to −0. m s -) separated by a weak inflow in the center. These modeled features are similar to those observed. There is also a nearsurface outflow (v ≈ −0.5 m s -) near the Cuban side of the channel though the observed outflow is narrower and weaker (v ≈ −0. m s -). The model's main inflow core also extends deeper (the 0. m s -contour is at z ≈ −900 m compared to observed z ≈ −750 m). The modeled flow variability is weaker than observation near the surface (z > −300 m), by more than 50% in some localized regions. Candela et al. [2003] use two configurations of the zlevel OPA model, one at one-sixteenth degree resolution -the CLIPPER ATL6 model, and the other at one-twelfth degree resolution -the PAM model (both with 43 z-levels) to compare the flow in the Yucatan channel with Canek observations. The CLIPPER model encompasses the north and south Atlantic oceans (75 o S to 70 o N), and was spun up for eight years forced by climatological ECMWF air-sea f luxes. It was then continued from 979 through 993, forced by daily ECMWF fluxes. Only the first five years of this latter run was analyzed because the model Loop Current stopped shedding eddies after the sixth year (984 and thereafter; see below). The PAM model covers the north Atlantic Ocean (9 o N to 70 o N), was spun up for years using ECMWF climatology, and continued another 3 years using daily ECMWF fluxes (999 to 200). Results from this latter 3-year run were compared with Canek. Figure 2 and Table show that the modeled Yucatan Channel flows from CLIPPER and PAM share similar characteristics as those from POM, discussed above. The surface shows a main western inf low core and a weak outf low near the Cuban side. The deep outflow cores on both sides of the channel are separated by a weak inflow in the center. The maximum values (both mean and standard deviation) are slightly lower than POM; the exception is the PAM's stronger deep outflow on the eastern side of the channel (v ≈ −0. m s -at z ≈ -850 m).
The work of Romanou et al. [2004] and Cherubin et al. [2005] represent a first application and validation of MICOM to a relatively small-scale basin with complex topography-the Gulf of Mexico. The model has one-twelfth degree horizontal resolution and 5 vertical layers, and includes the north Atlantic (28 o S to 65 o N). Monthly mean surface fluxes from COADS were used and the model was run for 20 years; results from the final 5 years were then analyzed. The authors documented the model Loop Current and ring variability. Shedding periods (3~5 months), rings' westward propagation speeds (2~3 km day -) and trajectories, sizes (300~400 km), rings' orbital speeds (.5~.9 m s -), Figure 2a . A comparison between the observed mean flow in the Yucatan Channel (center panel, Candela et al., 2003) and the simulated mean flow in six different models: CLIPPER and PAM are the lower and higher resolution version of OPA (left-upper and left-middle panels, respectively, Candela et al., 2003) , CANDIE (left-lower panel, Sheng and Tang, 2003) , MICOM (right-upper panel, Romanou, et al., 2004) , POM (right-middle panel, Oey et al., 2003 and NCOM (right-bottom panel, Morey et al., 2003) . Light shaded area represents negative velocity (outflow from the Gulf of Mexico to the Caribbean Sea) and dark area represents large core inflow velocity (v > 80 cm s -1 ). The period averaged in each case is indicated. Original figures used different contour intervals and different aspect ratios. The figures were therefore redrawn to the same scale (as it was possible) for ease of comparison, and a common contour interval of 0 cm s -1 is used for positive values, but negative contours are kept as in the original figures (4 or 5 cm s -1 ). See Table for more quantitative comparison of velocities and variances. Note the gross similarities between the different models. There are, however, some general differences also, e.g. over the western slope where layer, sigma and sigma-z models (right panels) show outcropping velocity contours (i.e. strong shears) while z-level models (left panels) tend to be more homogeneous. and life spans (≈ 10~17 months) are reasonable in view of observations. Romanou et al. also examined deep eddies, and confirm Sturges et al.'s [993] and Welsh and Inoue's [2000] findings that these eddies are spun up by Loop Current's extension and ring-shedding. Figure 2 and Table show that MICOM results in the Yucatan Channel have similar characteristics to those from POM and OPA.
Results from two other models, NCOM and CANDIE, are also included in Figure 2 and Table . 8 Morey et al. [2003] applied the NCOM model developed at the Naval Research Laboratory (Martin [2000] ; please see also Ko et al. [2003a,b] , and Chapman et al. [2004] ) to the Gulf of Mexico to study fresh-water pathways. The model domain is similar to that used by Dietrich and Lin [994] and Oey [996] : the Gulf and the northwestern portion of the Caribbean Sea; the horizontal resolution is 0.05 o . NCOM evolves from POM with one important modification: its vertical grid is hybrid, sigma (as in POM) above a user-specified depth (z = −00 m was used by Morey et al. with 20 levels) and z-levels (20 was used by Morey et al.) below that depth. Morey et al.'s application uses monthly climatological surface forcing and river inputs are specified as a source term similar to Oey's [996] method. Open boundary conditions are a combination of monthly climatology and radiation, and result in 32 Sv transport through the Yucatan Channel, somewhat high but not too unrealistic. Two 7-year runs were conducted (with different river inputs) following a 4-year spin-up. Though the focus was on fates of fresh water, the authors did report a mean eddy-shedding period of about 0 months with a wide range ≈ 3 to 15 months. This may be compared with the 5~15 months found by Oey [996] . The eddies' sizes and trajectories also appear to be similar to those found above by other models. At the fine resolution of ∆ = 0.05 o (i.e. ∆/R o ≈ 0.25 in the Gulf), the model shows well-resolved smallscale frontal eddies and meanders around the edge of a ring (their Figure 4) . The velocity profile across the Yucatan Channel also shows features similar to those found in other models and in the Canek observations (Table and Figure  2) ; except for strong deep flows in the center of the channel (up to 0.2 m s -1 ) and also over the eastern portion (v ≈ −0.2 m s -1 ); these strong flows are not seen in other models, nor in the Canek observations. The same model was also used by Zavala-Hidalgo et al. [2003b] to study the western shelf circulation in the Gulf. (Ochoa et al. 200, Sheinbaum et al. 2002 and Candela et al. 2003) and various models at the Yucatan Channel. POM: Oey et al. 2003 Dietrich et al. [997] with an interesting new implementation: the so-called semiprognostic method that reduces model drift [Sheng et al., 200] . Instead of adding relaxation terms to the heat and salt equations as in the more common robust prognostic method [Sarmiento and Bryan, 982] , an adiabatic adjustment is made in the momentum equations by replacing the density in the hydrostatic equation by a weighted linear combination of model and climatological densities. Thus artificial heat/salt sinks and sources are eliminated. Instead some model physics are distorted, e.g., wave speeds are changed and additional JEBAR terms appear. Nonetheless the method appears to be successful and can be applied also for nesting [Sheng and Tang, 2004] . In the Caribbean application along the eastern and northern boundaries, Sheng and Tang [2003] forced the model with the one-third degree Atlantic Ocean model (FLAME; Dengg et al. [999] ), which results in 26 Sv into the Yucatan Channel. Their mean velocity in the channel is also shown in Figure 2 , and pertinent velocity and transport values in Table . The results are again similar to those of other models. Note that the Yucatan Channel in CANDIE is close to the northern open boundary of the model (at 24 o N), so that flow field in the channel may be overly constrained by the boundary conditions. The CANDIE results suggest that the insensitivity of the mean profiles from different models and the relatively good agreements with observations may in part be due more to the similarities of the observed T/S climatology used by these models, rather than to specific model physics.
Flow
In summary, Figure 2 and Table show that, with a few exceptions as pointed out above, all six models show remarkably similar means and standard deviations in the Yucatan Channel. The model means in general agree with observations, but the model standard deviations are generally lower, by as much as 50% near the surface. In the deep levels/layers (below 200 m), the isopycnal model (MICOM) and the coarser resolution z-level model (CLIPPER) have lower variability (SD < 5 cm s -) relative to observations and the other models. A more subtle difference between the various models is over the western slope where MICOM, POM and NCOM show outcropping velocity contours indicative of strong shears, which are also observed, while CLIPPER, PAM and CANDIE tend to be more homogeneous there. The vertical coordinates in the former group of models are terrain-following and layer, while in the latter it is z-level. It appears that, in this case, the z-level does not resolve the near-surface shelf and slope regions as well as the terrainfollowing and layer models (c.f. ). Models and observations also show considerable meandering of the Yucatan/Loop Current in the channel, with time scales from weeks to months and transport range (min to max) of 3~37 Sv (Table ; for examples please see Abascal et al.'s [2003] eddy-propagation mode, and Ezer et al.'s [2003] Figures 5, 6 and 7) . The strong variability are also seen in the cross-channel flows. As mentioned previously, Abascal et al. [2003] reported mean cross-channel speeds of O(0. m s -) and standard deviation ≈ 0.5 m s -near the surface. The cross-channel currents are clearly time-dependent and not always negligible. This added complexity may resolve PN's paradox (so that their line integral across the channel, ≠ 0), and may allow for a nonshedding solution, or a solution with prolonged and irregular shedding periods.
Candela et al.
[2003] made a detailed comparison of the EOFs of the observed and OPA models, and also compared them with the EOFs computed by Ezer et al. [2003] . The observed EOF mode (3%) is tri-polar, coherent currents on both sides and opposing currents in the center of the channel, while mode 2 (23%) exhibits a bipolar structure that extends deeper to z ≈ −000 m. Abascal et al. [2003] interpreted both modes in terms of passages of eddies (anticyclones and cyclones) or anomalies, through the channel (their Figure  8) . These anomalies give rise to meanders of the core current in the channel. On the other hand, OPA models give a bipolar mode (60%) and a tripolar mode 2 (20%). Apart from this mode-switch, modeled and observed EOFs are generally similar, though details differ (e.g., periods are longer in models ≈ 00 days compared to ≈ 20-00 days in observations [Abascal et al., 2003] , the western core of the modeled tripolar structure is subsurface, etc). suggest that the mode-switch may be an artifact of the fact that observations over the western slope and outer shelf of the channel were not sufficient to resolve Yucatan/Loop Current frontal meanders. By eliminating the upper-slope and shelf currents in their analysis (of the sigma-level model used in Ezer et al. [2003] ), obtained a tri-polar mode and bipolar mode 2 with energy partitions 35% and 26% respectively, in agreements with observations. These "filtered" modes correspond to the "slow" meander modes of Abascal et al. (periods > 50 days) , while the upper-slope and shelf modes inherent in Ezer et al.'s analysis represent shelf-edge meanders of the Yucatan Current front in the channel, with periods < 50 days. Candela et al. [2003] also compared modeled and observed potential vorticity fluxes through the channel. An interesting and potentially significant hypothesis was advanced [also Candela et al., 2002] that these fluxes and Loop Current variability and eddy-shedding are related. The authors suggested that anticyclonic vorticity flux anomaly (VFA) extends the Loop Current into the Gulf of Mexico and cyclonic VFA causes retraction or even shedding. In a re-analysis of the Canek and satellite observations, and from the results of a 5-year numerical simulation of eddy shedding, Oey [2004a] found more complex behaviors. It appears that Loop Current retraction or eddy shedding tends to occur shortly (~2 months) after the influx of VFA at Yucatan has become anticyclonic, and that these events are sometimes preceded by a prolonged period of influx of cyclonic VFA. A plausible explanation consistent with conservation of potential vorticity is that influx of cyclonic VFA tends to extend the Loop Current into the Gulf, thus making the Current more susceptible to retraction or shedding of an eddy, and influx of anticyclonic VFA may then "trigger" retraction or eddy shedding. However, the Loop Current's behaviors are much more complex than can be prescribed by these simple rules. A much longer observational dataset, coupled with more refined model experiments and sophisticated analyses, is required to further quantify the phenomenon.
A detailed analysis of MICOM simulated flow variability in the Yucatan Channel and Loop Current is given in Cherubin et al. [2005] . In the Yucatan Channel, the authors confirm many of the flow and dynamical features found previously by Ezer et al. [2003] and Romanou et al. [2004] . The authors pointed out the significance of the transport spectral peak at around the 00-day period, and suggested that the 205-day period peak found by Maul et al. (985) and Ezer et al. [2003; POM] may be a double harmonic. Cherubin et al. noted that 00-days is (almost) exactly the period at which Oey et al. [2003] found the spin-up and shedding of anticyclones southwest of Hispaniola (which Oey et al. called "the Hispaniola eddies") by a localized negative wind stress curl, steady or nonsteady, and it is also consistent with the 50~00-day band found by Carton and Chao [999] in their model simulation of eddy variability in the Caribbean. In support of their model finding, Oey et al. [2003] also showed that the EOF of satellite SSH anomaly gave the 00 days period. Cherubin et al. suggested that the near 00-day Yucatan transport variability is induced by Caribbean eddies. On the other hand, Oey et al. [2003] attributed the near 00-day peak in their spectrum of the upper 800 m transport (please see their Figure 8 , experiment C) to be due to remote wind-induced transports from the Atlantic Ocean through the Greater Antilles passages; this remote wind-forcing idea was consistent with their EOF analysis of transports through the various passages, as well as with the fact that their experiment with steady wind (for which 00-day period Hispaniola eddies also exist) eliminated short-period shedding (< 6 months). Both studies (Cherubin et al. [2005] and Oey et al. [2003] ) may be consistent, in that eddy-shedding at short periods could respond more to potential vorticity than to transport fluctuations. A more detailed analysis is clearly necessary. Current Instability and Eddy-Separation. Cherubin et al. [2005] found an interesting connection between the process of ring-separation and vortex instability [Flierl, 988] . The instability results in deep cyclones around the Loop Current. Cyclones around the Loop Current have been observed. [Cochrane 972; Vukovich et al., 979; Vukovich and Maul, 985; Fratantoni et al., 998] . That cyclones may contribute to ring separation from the Loop Current has been proposed [Cochrane, 972; Hurlburt, 986; Zavala-Hidalgo et al., 2003a; Schmitz, this volume] . Figure  3 shows a numerical example obtained from Oey and Lee's [2002] POM run at doubled resolution (∆ ≈ 2-5 km) that appears to lend further support to the finding of Cherubin et al. [2005] . Figure 5 , and in the one-twelfth degree resolution MICOM of Romanou et al. [2004] , their Figure . The deep circulation (lower panels) shows a modon (anticyclone-cyclone pair) structure especially at the earlier time (lower-left panel) with the cyclonic member dominating. Small-scale structures are pervasive due to topography, and Oey and Lee [2002; e.g., their Figure 8] show that TRWs are produced in the vicinity of the 3000 m isobath in this region.
Loop
Loop Current/Ring-Topography
Interaction. In contrast to simulations of Loop Current and eddies, there are no detailed model studies of Loop Current/eddy-topography interaction using realistic Gulf of Mexico bathymetry. 9 The reason may be because there is comparatively much less observation (such as current measurements: e.g., Hamilton [992] ; Hamilton et al. [2002] ) against which modelers can directly check their results, although a number of hydrographic, biological, and satellite studies have provided important insights [Paluszkiewicz et al., 983; Brooks, 984; Vidal et al., 992, 994; 994] . There are, however, important process models with idealized eddies and simple topography. Earliest studies include Smith and O'Brien [983] , Smith [986] and Smith and Bird [989] . They showed that β-dispersion causes asymmetry in the pressure distribution around an eddy leading to nonlinear self-advection [please see also Smith and Reid, 982; and Matsuura and Yamagata, 982] . The movement of the eddy then depends on the relative strength and orientation of planetary and topographic β. The β-dispersion also tends to obliterate lower-layer features through radiation of topographic Rossby waves, and eddies can quickly (~0 days) evolve to upper-layer features [Grimshaw et al., 994; LaCasce, 998] . Other model studies that also examine movements of eddies in the presence of slope and/or vertical-walled boundaries include Shi and Nof [993] , , Nof [999] , Sutyrin et al. [2003] , and Frolov et al. [2004] . For example, Nof [999] shows that for a model warm eddy (reduced-gravity type) interacting with a western wall, eddy migration is governed by three processes. The eddy tends to move northward under the image effect, southward due to the β-induced self-advection, and northward due to the southward expulsion of mass from the eddy (the "rocket" effect).
Subsurface jets. Oey and Zhang [2004] examine a different aspect of a warm eddy impinging upon a continental slope: the generation of parasitic cyclones and jets. This finescale process has apparently not been previously addressed. The study was in part motivated by the curious occurrences of unusually intense subsurface jets, speeds > 0.4 m s -, at z ≈ −300 m over the slope (water depth ≈ 500~000 m) documented by the oil industry operating in the northern Gulf of Mexico. The corresponding surface currents during the detection of these jets were weak, so that the energy source did not seem to originate at the surface, at least not directly. The authors found that an extension of Shi and Nof's [993] reduced-gravity model to a three-dimensional case to be useful. Oey and Zhang [2004] used POM to examine the evolution of a warm ring initially specified over a slope with an adjoining shelf in a periodic channel (000 km × 800 km; ∆ = 2.5 km and 40 equally-spaced sigma cells; maximum slope |∇h| ≈ 3×0 -2 , which is typical of the northern Gulf slope). The inviscid response is cyclonic "peeling-off" of the on-slope portion of the warm ring. The cyclone propagates away (to the left looking on-slope) from the warm ring, and is bottom-intensified as well as slope-trapped (cross-slope scale ≈ Rossby radius). The viscous response consists of the formation of a bottom boundary layer (BBL) which "lifts" the strong along-slope (leftward) current or jet (> 0.5 m s -) away from the bottom. The jet becomes supercritical because of mixing within the BBL and convergence due to downwelling across the slope. Superinertial disturbance in the form of a hydraulic jump or front, with strong upwelling and downwelling cell, and the jet, propagate along the slope as well as off-slope and upward into the water column. The upward propagation is halted at z ≈ z trap when mixing smoothes out the "jump" to an along-slope scale λ trap that allows the ambient jet to bend the propagation path horizontal. At this "matured" stage, z trap ≈ −250 m, λ trap ≈ 50 km, and the jet's cross-slope and vertical scales are ≈ 30 km and 50 m respectively. The authors also showed an example under a more realistic setting in the Gulf of Mexico when the (model) Loop Current impinges upon the west Florida slope (they used Oey et al.'s [2003] model at doubled resolution, ∆ ≈ 2 to 5 km).
SUMMARY
We have made great progress since Hurlburt and Thompson's [980] pioneering work in modeling the Loop Current and rings in the Gulf of Mexico. The various models all use finite differences and are conveniently distinguished by their vertical grid systems: layer (NLOM, MICOM), zlevel (MOM, DieCast, POP, OPA and CANDIE), sigma-level (POM), and sigma-z hybrid (NCOM); but they also differ, some more than others, in detailed implementations of their horizontal grids, differencing schemes and model physics. Typically, the number of layers or levels is O(0), though NLOM has also been used in .5-layer and 2-layer modes. Most models have horizontal grid sizes ∆ ≈ 0~25 km, which is probably the coarsest that may be used to resolve rings with diameters ≥ 200 km. However, in terms of the ratio of grid size to (mode-baroclinic) Rossby radius, ∆/R o ≈ 0.5~ in the main basins of the Gulf and the Caribbean Sea. This resolution is inadequate to resolve smaller-scale cyclones and frontal eddies. Oey [998] suggested an empirical criterion that ∆/R o should be less than one-third to resolve mesoscale eddies. The situation is worse at the shelf-edge where R o ≈ 0 km. The doubled-resolution POM, with ∆ ≈ 2~5 km, and also NCOM at one-twentieth degree resolution look promising, but these models need to be more extensively tested.
Despite the model differences, we have found remarkable similarities in their gross behaviors. Features such as the Loop Current eddy-shedding periods, eddy propagation, paths etc, and others such as the flow profiles in the Yucatan Channel and production of deep cyclones under the Loop Current are similar in the different models. However, there are other details that need to be compared: notably the simulations of TRWs, deep currents, eddy-shelf/slope interaction, as well as frontal eddies and Loop Current eddy-shedding dynamics. The use of different models is a good thing, and inter-comparisons between different models (e.g., DAMEE and DYNAMO experiments; Chassignet et al. [2000] ; Meinke et al. [200] ) may be useful. However, there is now a relatively large quantity of good quality, long-term data (one year or more) available in specific regions of the Gulf, some discussed in this volume. In addition to satellite observations and the Canek observations, other long-term data available in specific regions of the Gulf include: the LATEX program, DeSoto Canyon Eddy Intrusion Study ([SAIC and co-investigators; Hamilton et al. [2000] ), the Northeastern GOM Chemical Oceanography and Hydrography Program (NEGOM-COH; Jochens et al., 2002) , drifters and PALACE floats (Ohlmann and Niiler, 2005, submitted to Progress in Oceanography; DeHaan and Sturges, 2005) and Sigsbee Escarpment measurements ]. There are also at least two other field programs presently underway in the central and the northwestern Gulf, both being supported by MMS. Intercomparison between different models should therefore be in detail, targeting specific processes, e.g., those mentioned above.
FUTURE CHALLENGES
Many interesting questions remain with regard to processes that govern Loop Current variability and shedding of rings. First, the existence of a nonshedding solution in some models is a puzzle, and is worth pursuing. Second, Pichevin and Nof's [997] analysis should be compared against multilevel or multilayer model results for the validity of the various simplifying assumptions made, e.g., the narrow-channel, parallel-outf low assumption; the comparison can lead to extensions of the analytical method. It is also of interest to resolve the discrepancy (on f-plane) between Pichevin and Nof's forever-growing bulge solution and Hurlburt and Thompson's [980] steady-bulge solution. Though these issues are model-specific, their resolutions may improve our understanding of the observed Loop Current's behaviors. Third, the development of deep cyclones under the Loop Current is of great interest and should be pursued further, especially with regard to their possible upstream (e.g., Yucatan Channel, Campeche Bank cyclones) connection, and their relation to eddy-separation from the Loop [Schmitz, this volume] . It is possible that the majority of the cyclones in the Gulf originate under the Loop Current. Fourth, the potential importance of upstream conditions to Loop Current behaviors should be more thoroughly studied, especially with regard to the interesting Atlantic-CaribbeanGulf connection in terms of the formation and propagation of eddies in the Caribbean and wind-induced transport and (potential) vorticity fluctuations at the Yucatan Channel. Fifth, the Caribbean-Gulf connection, in terms of both the dynamics of eddies "squeezing" into the Gulf and also deep cold inflow, should be carefully examined. Sixth, in addition to Loop Current and eddy-shedding, the cause(s) for deep mean cyclonic gyres in the Gulf could be found by a careful analysis of the numerical model results, as well as designs of some appropriate "process" experiments to isolate forcing. Seventh, the process of ring-slope interaction using realistic topography should be further explored with high-resolution models (with ∆/R o ≈ /3 or less). The relaxation of the hydrostatic constraint in some processes that involve smallscale jets and mixing may be necessary. Nonhydrostatic general circulation models have emerged in recent years [e.g., Marshall et al., 997] . They should be more widely tested; the shelf-edge and slope seem to be an ideal test site. In view of the non-negligible influences of eddies on shelf processes (please see references cited in the "Background" section), the slope interaction study is of significant practical importance especially for regional shelf models that must rely on the Gulf-scale models for their open-boundary conditions. Improved model processes not only lead to a better understanding of the ocean circulation, they also enhance our skills in describing and hopefully predicting ocean states for practical services that directly impact the aesthetic as well as economic aspects of civilizations. Therefore, in addition to checking and understanding processes, outlined above, models should also be intercompared for their skills in reproducing observed time series. This requires hindcast studies and skill-assessment, a necessary step for achieving more accurate forecast. In the hindcast and skill-assessment studies, one may borrow recent ideas from the meteorologists Tselioudis et al. [2004] , and use the web for assembling data (for model initializations, boundary conditions, forcing etc.) and for model evaluation.
Closely connected with hindcast and forecast, and missing in our review is a discussion of models that assimilate observational data, either from satellite or in situ. Most of these models (for the Gulf of Mexico) have not been thoroughly documented, and have not been adequately tested against (independent) observations. Our own work appears in Oey [2004b] and Oey et al. [2005] , as well as in Wang et al., [2003] and Fan et al., [2004] , where some specific results for the DeSoto Canyon and the northeastern Gulf shelf/slope and Loop Current can be found. Our model uses simple OI [e.g., Daley, 99] to assimilate satellite SSH anomaly [Mellor and Ezer, 99; Ezer and Mellor, 994] as do also many existing models, and nudging to assimilate drifters. Oey et al. [2005] use a surface-subsurface correlation that is a function of SSH anomaly; they show a forecast skill of 3~4 weeks in tracking Loop Current and Loop Current eddy frontal positions. The major source of error was found to be the initial field, and this was true for all the models tested for the same test-forecast period (August/999-August/2000). 20 Toner et al. [200, 2003] 
